Rickettsiae are obligate intracellular alpha-proteobacteria present on all continents except Antarctica [1] . Within the genus Rickettsia, species are classified into two main groups, spotted fever and typhus, on the basis of phenotypic and genotypic differences. Species within both groups are vector-borne and several are known pathogens of animals and/or humans [2, 3] . Human rickettsioses are characterized by various combinations of symptoms, the most common being a generalized maculopapular rash, an eschar at the inoculation site and flu-like symptoms including, but not limited to, fever, myalgia, malaise, headaches and nausea.
In Australia, the first identified rickettsiosis was murine typhus caused by Rickettsia typhi [4] . Since then, other rickettsioses have been reported, including Queensland tick typhus (R. australis) [5, 6] , Flinders Island spotted fever (R. honei) [7] [8] [9] [10] [11] and scrub typhus (Orientia tsutsugamushi) [12, 13] . Recently, R. felis DNA was detected in fleas collected from cats and dogs in Western Australia (WA) [14] . Furthermore, preliminary epidemiological studies have detected spotted fever antibodies in human sera from the north and southwest of WA, but no rickettsia has been isolated from patients thus far [15, 16] .
Between 2004 and 2005, a suspected rickettsial illness characterized by fever, rash and eschar (J. Drummond, pers. comm) was reported in oil workers on Barrow Island (BWI). Barrow Island is located approximately 1300 km north of Perth and 60 km off shore (20 49¢ 14.16 † N 115 23¢ 35.16 † E). In subsequent investigations a novel rickettsia was isolated from Amblyomma triguttatum ticks collected on BWI and classified as Rickettsia sp. strain BWI-1 T , notably using partial 16S rRNA sequencing (GenBank accession number DQ269434).
Here we compare the phenotypic and genotypic characteristics of strain BWI-1 T to those of other Rickettsia species and propose the creation of a new species, R. gravesii sp. nov.
Thirty-two unengorged ticks were collected from BWI oil workers and identified using standard taxonomic keys. All ticks were identified as A. triguttatum triguttatum. They were either preserved in 70 % ethanol for PCR screening or kept alive in sterile, humid containers for subsequent rickettsial isolation. DNA extracted from ethanol-preserved ticks using an EZ-1 automate (Qiagen) were screened by PCR for the presence of rickettsiae using the primer pair RpCS.877p-Rp.CS.1258n that targets a 381-nucleotide region of the citrate synthase-encoding (gltA) gene [17] . Fifteen (47 %) of the 32 A. triguttatum ticks collected for screening were PCR-positive for Rickettsia strain BWI-1 T .
Isolation of Rickettsia spp. from ticks was attempted in XTC-2 cells incubated at 28 C in Leibovitz L-15 medium supplemented with 5 % foetal calf serum, 5 % tryptose phosphate and 2 mM L-glutamine. Cultures were observed weekly under light microscopy. When cytopathic effects (CPE) were observed, the presence of rickettsiae in culture was estimated using Gimenez staining, and confirmed using gltA PCR as described above. Strain BWI-1 T grew after two weeks of incubation. Cells were rod-shaped, with a mean size of 1.4 µm in length and 0.4 µm in width (Fig. 1) . No pili were observed. When stained with the Gimenez method, strain BWI-1 T was observed in the cytoplasm but not the nucleus of XTC-2 and L929 cells (Fig. 1) . Similar findings were obtained by culture in Vero cells. The new strain was also observed under electron microscopy using a Tecnai G20 operating at 200 keV (Fig. 1 ).
Genomic DNA of R. gravesii was sequenced on a MiSeq sequencer (Illumina) using the Paired-End strategy. The genomic DNA (gDNA) was quantified by a Qubit assay with the high sensitivity kit (Life technologies) to 375 ng µl À1 and was barcoded in order to be mixed with 14 other projects with the Nextera XT DNA sample prep kit (Illumina). To prepare the Paired-End library, DNA was diluted to obtain 1 ng as input. The tagmentation step fragmented the gDNA into 1.2 kb inserts and tagged the DNA. Then limited cycle PCR amplification (12 cycles) completed the tag adapters and introduced dual-index barcodes. After purification on AMPure XP beads (Beckman Coulter Inc), the libraries were then normalized on specific beads according to the Nextera XT protocol (Illumina). Normalized libraries were pooled for sequencing on the MiSeq. The pooled single strand library was loaded onto the reagent cartridge and then onto the instrument along with the flow cell. Automated cluster generation and paired end sequencing with dual index reads were performed in a single 39 h run in 2Â250 bp.
GENOME SEQUENCE COMPARISON
The genome of strain BWI-1 T (AWXL00000000) is 1 327 625 bp-long with a G+C content of 32.2 mol % [18] . The chromosome contains 1675 protein-encoding genes and, like other Rickettsia species, 3 noncontiguous rRNAs (5S, 16S and 23S rRNA), 33 tRNAs, and 3 other RNAs ( Fig. 2 and Table 1 ). In addition, one 19874 bp plasmid (pRgr) was identified. This plasmid encoded 24 proteinencoding genes and exhibited a 91 % sequence identity to the pRM plasmid from 'R. monacensis' strain IrR/Munich (EF564599). Strain BWI T exhibited a high level of chromosomic synteny with R. raoultii strain Khabarovsk T , with the exception of one inversion of 128 286 bp. When comparing R. raoultii plasmids pRra1 to 3 to the pRgr plasmid from strain BWI T , 6 and 5 pRgr proteins (out of 24) exhibited best BLAST hits with pRra2 and pRra3 proteins, with identities ranging from 62 to 92 % and from 59 to 93 %, respectively.
When compared to other Rickettsia species, strain BWI-1 T had a smaller genome than R. belli, R. buchneri, R. felis, R. helvetica, R. hoogstraalii, R. massiliae and R. tamurae, but bigger than the others. The distribution of genes into COGs functional categories is presented in Figs 2 and 3. All 27 genomes exhibited similar COG profiles, including the absence of genes from the categories A, W and Z. Phylogenetic relationships of strain BWI-1 T and 27 Rickettsia species were estimated by aligning sequences from the whole genome using the Mugsy alignment algorithm [19] . The phylogenetic analysis was conducted using FastTree software [20] . The dendrogram was inferred using the Maximum Likelihood method. Based on the whole genome comparison, strain BWI-1 T was most closely related to R. raoultii (Fig. 4) . Rickettsia species express few phenotypic properties and exhibit a low level of genetic heterogeneity, making the thresholds of 16S rRNA sequence similarity, G+C content and DNA hybridization used for other bacteria [21] un-suitable for the delineation of new species. Thus, we used the multi-locus sequence typing-based taxonomic scheme developed in 2003 [22] . Using this system to analyse the 16S rRNA, gltA, ompA, ompB, and sca4 genes, a novel SFG species should not exhibit more than one of the following degrees of nucleotide similarity with previously characterized rickettsial species: !99.8, !99.9, !98.8, !99.2 and !99.3 % for the above-listed genes, respectively.
The genetic differences between Rickettsia sp. strain BWI-1 T and its closest phylogenetic neighbour, R. raoultii strain Khabarovsk T , were estimated by determining the degrees of nucleotide similarity of the 16S rRNA, gltA, ompA, ompB and sca4 genes. The sequences from these 5 genes were obtained from GenBank for R. raoultii (DQ365810, To estimate the mean level of nucleotide sequence similarity at the genome level between Rickettsia sp. strain BWI-1 T and other Rickettsia species, we determined the Average Genomic Identity of orthologous gene Sequences (AGIOS) using the MAGI software [23] and the digital DNA-DNA hybridization (dDDH) value using the genome to genome distance calculator [24] . Among Rickettsia species, AGIOS values ranged from 80.05 % between R. bellii and R. prowazekii to 97.77 % between R. heilongjiangensis and R. japonica. Strain BWI-1 T shared a number of orthologous protein-coding genes ranging from 735 with R. typhi to 947 with R. raoultii, and exhibited AGIOS values ranging from 80.93 % with R. bellii to 97.01 % with R. raoultii (Table S1 , available in the online Supplementary Material). Moreover, dDDH values among species ranged from 24.1 % between R. prowazekii and R. bellii to 91.2 % between R. parkerii and R. africae. Strain BW-1 T exhibited dDDH values ranging from 24.6 % with R. bellii to 76.9 % with R. raoultii (Table S2 ).
Antigenic differences between Rickettsia sp. strain BWI-1 T and R. raoultii strain Khabarovsk T were evaluated using mouse serotyping as previously described [25] . Briefly, strains BWI-1 T and Khabarovsk T , were cultivated in L929 at 32 C in minimal essential medium supplemented with 2 % heat-inactivated foetal calf serum and 2 mM L-glutamine. For each antigen, 10 BALB/c mice were inoculated intraperitoneally with purified bacterial suspension (0.1 ml containing 10 4 bacteria) without adjuvant. On day 7, mice were boosted with a similar inoculum. On day 10, mice were anaesthetized and exsanguinated by cardiac puncture. Sera from each group of mice were pooled. Titres of homologous (antibodies to the strain that was inoculated to the mice) and heterologous (antibodies to the strain that was not inoculated to the mice) antibodies were measured using microimmunofluorescence (MIF) and the specificity difference (SPD) were estimated as described previously [25] . MIF titres were determined by two distinct and trained microbiologists. If the SPD was >3, the isolates were assumed to belong to different species. The approval of the animal ethics committee of the Aix-Marseille University was obtained under reference number 2015121710128472. Using serum from mice immunized with strain BWI-1 T , we obtained homologous and heterologous antibody titres of 1 : 64 and 1 : 32, respectively, whereas using serum from mice immunized with R. raoultii strain Khabarovsk T , we obtained homologous and heterologous antibody titres of 1 : 256 and 1 : 32, respectively. On the basis of these results, the SPD between the two rickettsiae was 3. According to the criteria from Philip [25] , the SPD value of 3 obtained between R. raoultii and strain BWI-1 T also supports the classification of the latter within a distinct species.
DESCRIPTION OF RICKETTSIA GRAVESII SP. NOV. Gram-negative, obligate intracellular, rod-shaped bacterium. Grows in L929 and Vero cells at 32 C in minimal essential medium supplemented with 2 % heat-inactivated fetal calf serum and 2 mM L-glutamine, and in XTC-2 cells at 28 C in Leibovitz L-15 medium supplemented with 5 % heat-inactivated foetal calf serum, 5 % tryptose phosphate and 2 mM L-glutamine. Stained with the Gimenez method and observed in the cytoplasm but not the nucleus of XTC-2, L929 and Vero cells. G+C content is 32.2 mol%. The ultrastructural appearance of the culture isolate is similar to that of other rickettsial species. The pathogenicity of R. gravesii for humans is as yet unknown. Rickettsies (CSUR), Marseille, France, under number CSUR R172 and in the collection of the Australian Rickettsial Reference Laboratory (ARRL), Geelong, Victoria, Australia, under number ARRL RGBWI-1. The genome sequence of R. gravesii sp. nov. strain BWI-1 T is available in GenBank using the accession number AWXL00000000.
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